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Abstract 

Analytical  methods  have  been  proposed  recently  for  determining  both  the  internal  resistance  of  fuel  cell  electrodes  and  the  fraction  of  the 
electrocatalyst  that  is  completely  utilized.  To  apply  these  methods  requires  that  the  Tafel  slope  and  the  equilibrium  exchange  current  for  the 
electrolyte-electrocatalyst  combination  to  be  known  when  this  combination  is  exposed  to  02  and  when  it  is  exposed  to  H ...  The  Tafel  parameters 
have  been  previously  reported  for  02  and  their  measurement  for  H2  is  reported  herein.  Also,  to  apply  one  of  these  analytical  methods  — 
maximum  power  method  —  requires  that  the  current  and  potential  to  be  measured  when  a  fuel  cell  is  operating  at  stead>  state  and  at  maximum 
power.  To  apply  the  second  method  —  approximate  maximum  power  method  —  requires  that  the  cell  potential  and  slope  of  the  potential 
versus  current  curve  be  measured  at  a  current  that  is  less  than  that  corresponding  to  maximum  power.  To  evaluate  these  methods,  a  series  of 
porous  carbon  electrodes  were  constructed,  and  to  give  them  different  resistances  nickel  was  electro-deposited  on  the  one  side  of  each.  These 
electrodes  were  then  assembled  into  fuel  cells  and  tested.  Their  internal  resistance  was  determined  by  the  current-interrupt  technique,  and  by 
using  the  analytical  methods.  These  results  agree  to  within  the  experimental  error,  12%.  Electro-depositing  nickel  on  the  gas  side  of  the 
electrodes  was  found  to  decrease  their  internal  resistance  by  an  order  of  magnitude  and  increase  the  electrocatalyst  utilization  by  a  factor  of 
three. 
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1.  Introduction 

Several  experimental  and  theoretical  studies  on  the  relation 
between  electrochemical  performance  and  physical  proper¬ 
ties  of  porous  electrodes  have  been  reported  [1-13].  Some 
of  the  characteristics  sought  in  such  electrode  structures  are: 
(i)  rapid  diffusion  of  reactants  to  the  electrode-electrolyte- 
gas  interface;  (ii)  ready  diffusion  of  products  and  non  reac¬ 
tive  diluents  from  the  interface  without  limiting  transport  of 
reactants;  (iii)  a  stable  position  of  the  electrode-electrolyte- 
gas  interface;  (iv)  maximum  effective  catalytic  area,  and  ( v) 
minimum  ohmic  resistance.  Herein  the  effect  of  these  last 
two  characteristics  on  the  performance  of  the  fuel  cell  is 
examined  more  carefully. 

The  internal  resistance  of  a  fuel  cell  is  defined  as  the  resis¬ 
tance  measured  through  the  electrolyte  between  the  poles  of 
the  external  load.  The  value  of  the  internal  resistance  depends 
on  the  resistivity  of  several  of  the  materials  that  are  chosen 
to  construct  the  fuel  cell,  on  the  design  of  the  fuel  cell,  and 
the  manufacturing  of  the  electrodes.  Since  the  fuel  cell  usually 
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operates  at  a  low  voltage  and  high  currents  to  generate  useful 
amounts  of  power,  significant  losses  can  be  present  in  a  fuel 
cell  due  to  its  internal  resistance. 

The  fraction  of  the  electrocatalyst  placed  in  the  electrodes 
during  the  manufacturing  process  that  is  fully  utilized  during 
the  operation  of  the  fuel  cell  is  another  parameter  that  is 
particularly  important  in  determining  fuel  cell  performance. 
The  electrocatalyst  is  usually  dispersed  as  small  particles  on 
a  carbon  substrate  and  the  catalyzed  carbon  is  placed  in  the 
interior  of  the  electrode  near  the  current  collector.  The  effect¬ 
iveness  of  the  electrocatalyst  depends  on  both  the  properties 
of  the  electrocatalyst-electrolyte  combination  and  on  the 
manufacturing  of  the  electrodes.  Both  parameters,  can  only 
be  assessed  once  the  electrodes  have  been  assembled  into  a 
fuel  cell  and  operated  to  produce  power. 

Recently  analytical  methods  to  determine  both  the  internal 
resistance  and  the  fraction  of  the  elecuocatalyst  that  is  used 
effectively  in  a  fuel  cell  have  been  proposed  [  14] .  In  order 
to  apply  the  proposed  methods,  the  electrokinetic  parameters 
of  the  electrocatalyst-electrolyte  combination  have  to  be 
known.  The  electrokinetic  parameters  for  oxygen  reduction 
at  a  platinum-potasium  hydroxide  are  available  [15].  The 
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rotating  disk  measurements  of  hydrogen  oxidation  at  a  plat¬ 
inum-potassium  hydroxide  (KOH)  interface  are  reported 
herein.  In  order  to  evaluate  these  methods  a  series  of  porous 
carbon  electrodes  with  different  power  production  capacities 
were  constructed.  These  electrodes  were  assembled  into  sin¬ 
gle  fuel  cells  and  tested.  The  internal  resistance  and  effective 
catalyst  fraction  of  these  fuel  cells  were  determined  by  the 
proposed  methods.  The  estimated  internal  resistance  was 
compared  with  that  determined  independently  by  the  current 
interrupt  technique.  The  experimental  procedure  for  the  rotat¬ 
ing  disk  measurements  and  fuel  cell  tests  as  well  as  the  dis¬ 
cussion  of  the  results  are  presented  in  the  following  sections. 

2.  Experimental 

2. 7.  Electrokinetic  parameters  of  hydrogen  oxidation  at  a 
platinum-potassium  hydroxide  interface 

The  electrochemical  oxidation  of  hydrogen  at  a  platinum- 
potassium  hydroxide  (KOH)  interface  was  studied  using  the 
rotating  disk  electrode  (RDE).  The  experimental  arrange¬ 
ment  and  procedure  were  similar  to  those  reported  in  a  pre¬ 
vious  study  of  the  oxygen  reduction  for  the  same  interface 
[  15] .  Experiments  were  carried  out  at  three  different  con¬ 
centrations  of  KOH:  0,1, 0.5  and  6.0  N,  and  at  three  different 
temperatures:  45, 65  and  80  °C.  Ultra-pure  potassium  hydrox¬ 
ide  was  used  in  double-distilled  organic  free  water.  Solutions 
were  prepared  immediately  before  each  experiment  to  insure 
purity.  A  jacketed  glass  cell  was  used  to  control  the  temper¬ 
ature.  A  dynamic  hydrogen  electrode  ( DHEL )  with  a  lugging 
probe  placed  at  approximately  1.0  cm  below  the  disk  was 
used  as  a  reference  electrode.  The  temperature  of  the  cell  was 
monitored  by  a  thermocouple  and  was  controlled  by  circu¬ 
lating  heated  water. 

A  Pine  instrument’s  bipotentiostat  (Model  RDE3)  was 
interfaced  with  a  microcomputer.  For  all  studies  described 
here,  a  scanning  rate  of  10  mV/s  was  used.  Cyclic  voltam- 
mograms  were  recorded  at  a  scan  rate  of  100  mV/s.  A  Pine 
Instrument’s  rotator  (PIR)  was  used  to  rotate  the  Pine’s 
Model  DDT6  ring-disk  electrode.  The  disk  electrode  had  an 
apparent  geometric  electrode  area  of 0.456  cm2  with  its  geom¬ 
etry  of  ^=0.382  cm,  r2  =  0.399  cm,  and  r3  =  0.422  cm, 
respectively.  Here,  rx  is  the  radius  of  the  disk  electrode,  and 
r2  and  r3  are  radii  of  inner  and  outer  circles  of  the  ring  elec¬ 
trodes,  respectively.  Both  disk  and  ring  electrodes  were  made 
of  platinum;  the  ring-disk  electrodes  were  used  as  delivered. 
The  electrodes  were  polished  to  a  mirror  finish  with  1  pm 
aluminum  powder.  These  electrodes  were  always  cleaned 
overnight  in  chromic  acid  prior  to  each  use,  and  were  then 
rinsed  with  a  copious  amount  of  double-distilled  water. 

The  electrolyte  solution  was  purged  with  nitrogen  gas  for 
at  least  30  min,  then  a  cyclic  voltammogram  was  recorded 
with  a  scan  range  of  0.03  to  1 .2  V.  This  served  as  a  check  for 
the  purity  of  the  electrolyte  solution  as  well  as  that  of  the 
electrode.  The  solution  was  then  saturated  with  hydrogen  gas 


for  2  h  at  room  temperature.  Then  the  temperature  was 
brought  to  the  desired  level  during  the  last  hour  of  saturation. 
This  would  prevent  the  loss  of  moisture  at  higher  tempera¬ 
tures.  The  rotating  disk  electrode  was  scanned  at  various 
rotating  speeds:  500,  1000,  2000,  3000, 4000  and  5000  rpm. 
For  each  speed,  six  scans  were  performed. 

2.2.  Nickel  coated  carbon  electrodes  for  alkaline  fuel  cells 

The  fuel  cell  electrode  that  we  studied  is  of  the  multilayer 
type  that  utilizes  platinum  as  the  caialyst,  Teflon™  as  the 
binding  agent,  and  porous  carbon  as  the  backing  structure  or 
substrate.  Nickel  is  electrodeposited  on  the  gas  side  of  the 
porous  carbon  electrodes;  the  technique  used  for  depositing 
the  nickel  is  referred  to  as  ‘Electrochemical  Metallizing’ 
(Selectrons,  Wartbury,  CT,  USA).  This  technique  is  basi¬ 
cally  a  high  current  density  electn  >chemical  process  for 
depositing  metals  on  any  conductive  surface  without  the 
immersion  of  the  part  in  a  plating  bath. 

The  substrate  used  for  the  manufac  luring  of  all  electrodes 
was  a  carbon  paper  (Stackpole  PC  206,  Stackpole  Corpora¬ 
tion,  St.  Marys,  PA,  USA).  The  porosity  of  the  paper,  as 
received  from  the  manufacturer,  was  approximately  80%,  its 
thickness  ranged  from  0.3  to  0.5  mm  and  its  weight  per 
geometric  area  was  about  140  g/m2  Teflon™  was  used  as 
the  binding  agent  to  provide  the  electrode  with  enhanced 
strength  and  wet  proofing  properties.  This  binding  agent  was 
an  aqueous  solution  of  fluorocarbon  particles  that  contained 
5  wt.%  of  a  wetting  agent  (Photoflow™) .  The  catalyst  used 
in  the  electrodes  was  platinum;  the  average  size  of  the  plati¬ 
num  particles  was  20  A  in  diameter  (as  specified  by  the 
manufacturer,  Prototech,  Highlands,  MA,  USA)  and  previ¬ 
ously  deposited  on  carbon  employing  a  ratio  of  10  wt.% 
platinum. 

The  flow  sheet  of  the  manufacturing  process  of  the  elec¬ 
trodes  is  shown  in  Fig.  1.  The  carbon  paper  as  received  from 
the  manufacturer  was  first  water  proofed  with  a  mixture  of 
45  wt.%  polytetrafluoroethylene  (Teflon™).  The  water 
proofed  paper  was  then  dried  at  room  temperature.  The  nickel 
coating  was  deposited  on  one  side  of  the  paper  using  the 
electrometallizing  technique  and  then  rinsed  with  distilled 
water.  The  diffusion  layer  was  sprayed  on  the  opposite  side 
of  the  paper.  The  mixture  used  to  spray  this  layer  was  made 
of  carbon  powder  (SH-100),  30  wt.%  Teflon™,  5  wt.% 
Photoflow™  and  distilled  water.  Then  a  second  layer  that 
contained  the  activated  carbon  mixture  ( 10  wt.%  platinum), 
25  wt.%  Teflon™,  5  wt.%  Photoflow™  and  distilled  water 
was  deposited.  A  third  layer  being  a  repeat  of  the  second  layer 
except  that  the  Teflon™  was  reduced  to  15  wt.%  was  then 
sprayed.  Finally,  the  nickel  coated  carbon  paper  with  the  three 
sprayed  layers  were  sintered  at  330  °C  and  15  kg/ cm2  for  10 
min.  The  amount  of  platinum  per  unit  area  deposited  in  all 
electrodes  was  approximately  0.2  mg/cm2.  An  schematic 
representation  of  the  final  electrode  structure  is  shown  in 
Fig.  2. 
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Fig.  1 .  Flowsheet  for  the  manufacturing  process  of  nickel  coated  electrodes. 
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Fig.  2.  Schematics  of  the  structure  of  a  nickel  coated  porous  carbon  electrode 
and  its  interface  layer. 


Depositing  different  amounts  of  nickel  on  the  carbon  sub¬ 
strate  altered  its  ohmic  resistance.  A  half-cell  system  having 
an  area  of  11.2  cm2  and  similar  in  construction  to  the  unit 
reported  in  Ref.  [16],  was  used  for  testing  the  performance 
of  single  electrodes.  The  square  wave  method  [17]  was  used 
to  determine  the  ohmic  resistance  of  these  electrodes. 

Three  sets  of  electrodes  were  prepared  for  performance 
and  internal  resistance  measurements;  the  amount  of  nickel 
deposited  on  these  sets  of  electrodes  was  10,  19  and  29  mg/ 
cm2,  respectively.  The  performance  tests  were  carried  out  at 
temperatures  of  26,  43  and  62  °C  with  each  electrode  tested 


as  an  anode  (hydrogen  electrode)  and  as  a  cathode  (oxygen 
electrode).  Once  the  electrochemical  performance  of  the 
electrodes  were  determined,  larger  elect  rodes  having  a  sur¬ 
face  area  of  64  cm2  were  manufactured  and  assembled  in 
single  fuel  cells  to  study  the  effect  of  the  internal  resistance 
in  their  performance.  The  electrode  separ  ation  in  all  four  cells 
was  1.8  mm.  The  internal  resistance  measurements  on  these 
single  fuel  cells  were  carried  out  using  the  current  interrupt 
method  [  19]. 


3.  Results  and  discussion 


3. 1.  Rotating  disk  electrode  studies 


A  typical  RDE  voltammogram  for  0. 1  N,  65  °C  and  3000 
rpm  is  shown  in  Fig.  3.  For  a  given  rotating  speed,  one  can 
see  that  the  current  increases  as  the  voltage  is  increased.  It 
then  reaches  a  plateau  where  diffusion  becomes  the  rate- 
limiting  step.  The  current  at  the  plateau  is  called  the  limiting 
current,  i\.  Values  of  limiting  currents  determined  from  these 
voltammograms  were  used  to  obtain  the  electrokinetic  para¬ 
meters  of  hydrogen  oxidation. 

For  a  simple  electrode  process,  such  as  the  hydrogen  oxi¬ 
dation  at  a  platinum-potassium  hydroxide  interface,  the  cur¬ 
rent-over  potential  relation  can  be  obtained  from  the  Butler- 
Volmer  equation  [  18] .  By  neglecting  the  cathodic  term,  one 
can  write 


0) 


where  i0  is  the  exchange  current  density,  (  the  concentra¬ 
tion  of  the  species  (i.e.  hydrogen)  at  the  electrode  surface, 
C0  the  concentration  of  species  in  the  bulk  of  the  solution. 
The  concentration  ratio  term  can  be  estimated  from  the  fol¬ 
lowing  expression  [18] 


where  is  the  limiting  current  and  i  is  ihe  anodic  current 
which  is  negative. 

By  substituting  Eq.  (2)  into  Eq.  ( 1 )  one  obtains  the  mass 
transfer-corrected  expression  for  an  anodic  reaction 


=  ln(io)+  — 


(3) 


Tafel  slopes  and  exchange  current  densities  are  directly 
obtained  from  the  slopes  and  intercepts  of  the  current-poten¬ 
tial  curves.  In  a  typical  mass  transferred  corrected  plot,  see 
Fig.  4,  only  one  well-defined  linear  region  can  be  seen  and  it 
is  usually  valid  for  an  over-potential  range  of  50  to  200  mV. 
Table  1  shows  the  electrokinetic  parameters  of  hydrogen 
oxidation  at  a  platinum-potassium  hydroxide  interface 
determined  by  the  above  procedure.  The  values  for  the  elec¬ 
trokinetic  parameters  of  oxygen  reduction  at  a  platinum- 
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Potential  wrt  RHE  (V) 

Fig.  3.  Typical  voltammogram  for  hydrogen  oxidation  on  a  platinum  electrode  at  3000  rpm,  0. 1  N  KOH  and  65  °C. 


Table  1 

Electrokinetic  parameters  of  hydrogen  oxidation  at  a  platinum-potassium 
hydroxide  interface  for  different  temperatures  and  concentrations 


KOH 

(N) 

45  °C 

65  °C 

80  °C 

Sa 

(V) 

*0.a 

(mA/cm2) 

S a 

(V) 

*0,a 

(mA/cm2) 

Sa 

(V) 

*0.a 

(mA/cm2) 

0.1 

0.046 

1.884 

0.041 

4.077 

0.052 

2.960 

0.5 

0.052 

1.573 

0.060 

1.542 

0.042 

5.263 

6.0 

0.043 

0.259 

0.043 

0.463 

0.075 

0.737 

potassium  hydroxide  interface  reported  in  a  previous  study 
[15]  are  shown  in  Table  2.  The  results  in  Table  1  indicate 
that  in  general  the  exchange  current  density  decreases  as  the 
basicity  of  the  KOH  solution  increases  except,  at  80  °C  and 
6.0  N.  In  general,  the  exchange  current  increases  as  the  tem¬ 
perature  increases  except  at  80  °C  and  0.5  N.  Tafel  slopes 
show  little  change  over  a  wide  range  of  concentrations  and 
temperatures  except  at  high  concentration  and  temperature 
(80  °C  and  6.0  N). 

32.  Fuel  cell  electrode  studies 

The  potential-current  density  curves  obtained  from  elec¬ 
trodes  with  10,  19  and  29  mg/cm2  of  nickel  were  obtained. 
A  typical  set  of  curves  is  shown  in  Fig.  5.  The  current-poten¬ 
tial  curves  of  the  electrodes  with  a  nickel  film  of  10  mg/cm2 


Table  2 

Electrokinetic  parameters  of  oxygen  reduction  at  a  platinum-potassium 
hydroxide  interface  for  different  temperatures  and  concentrations [  15] 


KOH 

(N) 

45  °C 

65  °C 

Sc 

(V) 

*0,c 

(nA/cm2) 

Sc 

(V) 

*0,c 

(nA/cm2) 

0.1 

0.030 

0.567 

0.031 

0.629 

0.5 

0.025 

0.259 

0.029 

1.100 

6.0 

0.027 

2.150 

0.030 

4.440 

showed  that  the  effect  of  increasing  the  temperature  of  the 
cell  from  26  to  62  °C  is  a  decrease  in  polarization  of  approx¬ 
imately  33  mV  at  the  cathode  and  f>6  mV  at  the  anode  at  a 
current  density  of  100  mA/ cm2.  The  internal  resistance  free 
voltage  was  about  871  and  19  mV  at  the  cathode  and  anode, 
respectively.  The  experimental  data  also  indicate  that  an  inter¬ 
nal  resistance  free  cell  voltage  of  854  mV  is  possible  if  the 
same  type  of  electrodes  are  used  as  t  he  anode  and  cathode  in 
a  single  fuel  cell.  The  polarization  became  significant  in  the 
anode  at  about  500  mA/ cm2. 

The  experimental  results  for  the  electrodes  with  a  nickel 
coating  of  19  mg/cm2  indicated  that  when  the  temperature  is 
increased  from  26  to  62  °C  the  polarization  at  100  mA/cm2 
is  decreased  by  25  and  83  mV  at  the  cathode  and  anode, 
respectively.  At  62  °C  the  internal  resistance  free  voltage  at 
the  above  current  density  was  888  and  15  mV  at  the  cathode 
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Fig.  4.  Typical  mass  transferred  corrected  plot  obtained  from  the  rotating 
disk  electrode  measurements. 


Fig.  5.  Potential-current  density  curves  of  electrodes  coated  with  10  mg/ 
cm2  of  nickel. 


and  anode,  respectively.  These  results  suggest  that  a  possible 
terminal  voltage  of  873  mV  can  be  achieved  if  the  same  type 
of  electrode  is  used  as  anode  and  cathode  in  a  fuel  cell.  Again 
the  polarization  started  to  be  significam  at  a  current  density 
of  500  mA/cm2. 

The  experimental  results  for  the  electrodes  with  a  nickel 
coating  of  29  mg/cm2  indicated  that  at  100  mA/cm2  the 
polarization  is  decreased  by  13  and  80  mV  at  the  cathode  and 
anode,  respectively,  when  the  temperature  was  increased 
from  26  to  62  °C.  The  anode  and  cathode  potential  at  100 
mA/cm2  were  875  and  13  mV,  respei  lively.  These  results 
indicate  that  at  62  °C  a  possible  internal  resistance  free  poten¬ 
tial  of  862  mV  can  be  achieved  for  fuel  cells  using  these  type 
of  electrodes. 

The  results  indicate  that  the  electrode  performance 
improves  with  the  increase  in  temperature.  However,  the  tem¬ 
perature  effect  is  larger  in  the  electrodes  working  as  anodes 
than  when  they  are  working  as  cathodes  This  is  attributed  to 
the  water  production  in  the  anode.  This  water  can  block  the 
reaction  sites  in  the  electrodes.  Increasing  the  cell  temperature 
helps  to  remove  the  water  being  produced  at  the  hydrogen 
electrode  and  consequently  to  improve  i  he  electrode  perform¬ 
ance.  If  one  considers  current  densities  below  100  mA/cm2 
the  polarization  problem  seems  to  be  at  tl  ie  cathode.  However, 
above  100  mA/cm2  the  polarization  starts  to  play  a  more 
significant  role.  At  500  mA/cm2  the  polarization  at  the  anode 
increases  greatly  while  at  the  cathode  die  polarization  curve 
is  still  linear  and  the  voltage  sustained  is  about  800  mV. 

The  half-cell  measurements  indicated  a  consistent  decrease 
in  internal  resistance  as  the  thickness  of  the  nickel  coating 
increased  (see  Table  3).  These  measurements  also  indicated 
that  the  internal  resistance  decreased  as  the  cell  temperature 
was  increased.  This  is  attributed  to  the  ohmic  contribution  of 
the  electrolyte  which  decreases  as  the  temperature  increases 
[19].  There  was  a  small  effect  on  performance  due  to  the 
differences  in  internal  resistance  produced  by  the  nickeliza- 
tion  of  the  electrodes.  These  internal  resistance  differences 
were  not  larger  than  10  mfl  which  would  account  for  about 
1  mV  potential  drop  at  100  mA/cm2.  In  this  size  range  the 
loss  or  improvement  of  performance  due  to  the  ohmic  drop 
was  small.  To  examine  the  effect  of  the  internal  resistance  on 
the  fuel  cell  performance,  larger  electrodes  with  a  geometrical 
surface  area  of  64  cm2  were  manufactured  and  assembled  in 
single  fuel  cells. 

Table  3 

Measured  internal  resistance  in  mfl  for  electro  les  tested  in  the  half-cell 
system  (4  =  11  cm2) 


Temperature  Amount  of  nickel  per  ele^  i  rode  surface  area 


(°C) 

9  mg /cm2 

18  mp  'em2 

31  mg/cm2 

62 

22.1 

22.4 

12.2 

43 

25.0 

23.2 

13.8 

26 

32.4 

27.4 

17.5 

94 


J.A.  Garcia  et  al.  /  Journal  of  Power  Sources  66  (1997)  89-96 


Fig.  6.  Predicted  and  measured  power  output  vs.  current  density  of  single 
fuel  cells  at  45  °C  and  6.0  N  KOH.  Cell  no.  1  had  uncoated  electrodes,  cell 
no.  2  10  mg/cm2  of  nickel,  cell  no.  3  18  mg/cm2  of  nickel,  and  cell  no.  4 
25  mg /cm2  of  nickel.  The  predicted  power  output  is  represented  by  the  solid 
line. 

Four  single  fuel  cells  with  different  nickel  coatings  were 
assembled.  One  cell  had  uncoated  carbon  electrodes  (cell 
no.  1 )  and  the  rest  of  the  cells  had  a  nickel  coating  of  10  mg/ 
cm2  (cell  no.  2),  18  mg/cm2  (cell  no.  3),  and  25  mg/cm2 
(cell  no.  4).  Potential,  V  and  total  current,  /,  measurements 
which  corresponded  to  different  loadings,  Ru  were  measured 
for  the  different  fuel  cells.  From  these  measurements  the 
power  output  as  well  as  the  current  density  were  calculated. 
The  power-current  density  curves  of  all  single  fuel  cells  at 
45  °C  are  shown  in  Fig.  6.  The  internal  resistance  measure* 
ments  for  the  single  cells  were  665.0,  86.3,  66.1  and  54.0 
mft,  respectively,  and  the  corresponding  maximum  power 


outputs  were  280,  1675,  2037  and  2444  mW,  respectively. 
These  results  strongly  indicate  that  the  performance  of  a  fuel 
cell  can  be  significantly  affected  by  its  internal  resistance 
which  becomes  a  very  important  design  parameter. 

3.3.  Internal  resistance 

The  power  produced  by  the  fuel  cell,  P,  may  be  written  as 
[14] 

P  =  I(Ve-Vp(I)^IRi)  (4) 

where  Ve  is  the  potential  drop  across  the  cell  under  open- 
circuit  conditions,  /  the  current,  R{  the  internal  resistance,  and 
yp  the  kinetic  and  mass  transfer  polarization  in  terms  of  the 
current  [14] 

W  +  (5) 

\e{Ati0J  \efAti 

where  i0a  and  are  the  equilibrium  exchange  current  den¬ 
sities  for  the  anode  and  cathode,  respectively;  ef  is  the  fraction 
of  the  electrocatalyst  that  is  used  effectively,  and  At  is  the 
total  surface  area  of  the  catalyst  in  ihe  cathode  and  anode, 
respectively.  The  experimental  internal  resistance  was  meas¬ 
ured  using  the  current  interrupt  technique  [19].  Table  4 
shows  the  experimental  and  predicted  internal  resistance  for 
the  single  fuel  cells  tested  in  this  study.  It  was  observed  that 
the  internal  resistance  decreased  significantly  when  the  elec¬ 
trodes  were  nickel  coated.  Nickel  coating  the  electrodes  with 
10,  18  and  25  mg/cm2  decreased  the  internal  resistance  by 
7.7,  10.1  and  12.3  times,  respective!),  when  compared  with 
the  uncoated  electrodes.  The  contribution  of  the  electrolyte 
to  the  internal  resistance  measurements  was  estimated  and 
found  to  be  negligible.  The  specific  conductance  of  KOH  at 
20  °C  is  128  H" 1  cm"  ^  It  was  estimated  that  the  electrical 
resistance  for  an  electrode  separation  of  1 .8  mm  and  a  surface 
area  of  64  cm2  is  2.2  X  10" 5  O  which  is  at  least  three  orders 
of  magnitude  below  the  values  obtained  from  the  current 
interrupt  measurements. 

An  expression  of  the  internal  resistance  in  terms  of  the 
electrokinetic  parameters  and  the  maximum  power  condition 
has  been  reported  [  14] .  This  expression  is  in  terms  of  the 
Tafel  slope  and  the  voltage  ( Vm)  and  current  (/m)  at  maxi¬ 
mum  power  condition 


Table  4 


Comparison  of  calculated  and  measured  internal  resistance  and  effective  catalyst  fraction  for  different  single  fuel  cells.  The  temperature  for  measurements  and 
calculations  was  45  °C.  The  electrolyte  concentration  was  6.0  N.  The  geometrical  surface  area  of  the  catalyst  was  1 .79  X  104  cm  * 


Cell 

nos. 

Nickel 

coating 

(mg/cm2) 

IT 

(mft) 

R. 

MP 

(mfi) 

^i.a 

AMP 

(mft) 

MP 

(%) 

*f.a 

AMP 

(%) 

(A) 

(V) 

1 

0 

665  ±9.7 

654.0 

650.0 

5.4 

5.1 

0.603 

0.464 

2 

9 

86.3  ±2.6 

76.3 

86.8 

5.1 

10.6 

4.252 

0.3941 

3 

18 

66.1  ±6.9 

72.2 

71.2 

12.2 

11.9 

4.850 

0.420 

4 

31 

54.0  ±1.3 

60.5 

57.9 

15.1 

13.2 

5.805 

0.421 

a  IT:  interrupt  technique,  MP:  maximum  power  method,  and  AMP:  'approximate  maximum  power  method’. 
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Since  the  electrokinetic  parameters,  the  voltage  and  the 
current  at  maximum  power  are  known,  the  electrokinetic 
parameters  can  be  examined  by  comparing  the  measured 
internal  resistance  and  the  predicted  internal  resistance  from 
Eq.  (6) .  These  values  are  reported  in  Table  4.  By  comparing 
both  the  predicted  and  experimental  values  of  internal  resis¬ 
tance,  a  difference  within  12%  of  each  other  was  found.  These 
results  suggested  that  the  proposed  ‘maximum  power 
method’  predicts  the  internal  resistance  of  the  fuel  cell  within 
the  above  experimental  error. 

The  expression  of  the  internal  resistance  using  the  ‘approx¬ 
imate  maximum  power  method’  reported  in  Ref.  [  14]  was 


Qq(  2ga  +  2gc  +  /0<70  -  Vp) 

-  /q<t o 


(7) 


where  /0,  V0  and  <x0  are  the  current,  voltage  and  slope  of  the 
V-I  relation  to  be  measured  at  a  condition  where  the  current 
is  less  than  that  corresponding  to  the  maximum  power  con¬ 
dition.  The  above  expression  was  used  to  estimate  the  internal 
resistance  for  cells  nos.  1, 2,  3  and  4,  respectively.  The  value 
of  the  approximate  current  used  for  the  calculations  was  90% 
of  the  maximum  current  in  each  case.  The  predicted  and 
measured  values  are  summarized  in  Table  4.  (Notice  the  good 
agreement  between  the  approximate  and  maximum  power 
method  for  all  the  evaluated  fuel  cells.)  The  approximate 
method  may  be  a  good  alternative  in  situations  where  the  fuel 
cell  cannot  be  operated  at  maximum  power  under  steady- 
state  conditions  (because  of  overheating  problems). 


3.4.  Fraction  of  catalyst  area  used  effectively 


An  expression  of  the  fraction  of  the  effective  catalyst  area 
has  been  recently  reported  [  14] .  This  expression  is  in  terms 
of  the  electrokinetic  parameters  (Tafel  slopes  and  exchange 
current  densities)  and  the  two  parameters  that  may  be  meas¬ 
ured  directly  when  the  fuel  cell  is  operating  at  maximum 
power:  (i)  the  voltage,  and  (ii)  the  current 


rgalil)+^i;J+2^  *a  *c  Kei 


£f=exp 


(£a  "f"  gc) 


(8) 


Eq.  (8)  was  used  to  estimate  the  fraction  of  the  platinum 
area  being  used  effectively  in  single  fuel  cells.  It  was  found 
that  cells  nos.  1,  2,  3  and  4  were  using  5.8,  5.1,  13.3  and 
16.4%  of  the  total  catalyst  area,  respectively.  (Notice  that  as 
the  thickness  of  the  nickel  coating  of  the  electrodes  was 
increased,  the  fraction  of  the  catalyst  used  effectively 
increased  by  a  factor  of  three.)  One  possible  explanation  for 
this  result  is  that  the  nickel  coating  the  electrodes  increases 
the  charge  (electrons)  flow  which  is  translated  into  a  better 
electrocatalyst  utilization.  The  fact  that  only  a  fraction  of  the 


catalyst  layer  is  available  for  the  electrochemical  reactions 
(within  5  to  16.4%)  means  that  in  this  process  of  electrode 
manufacturing  most  of  the  catalyst  is  not  used  effectively. 
The  reason  is  that  the  platinum  spheres  deposited  on  the 
electrode  are  partially  covered  by  the  Teflon™  and  carbon 
particles  which  are  in  the  surrounding  area  of  the  platinum 
particles.  Also  part  of  the  electrode  is  immersed  in  the  elec¬ 
trolyte  and  part  of  it  in  the  gas  side  is  dry  [4] . 

Theoretical  and  experimental  curves  of  the  four  fuel  cells 
tested  in  this  study  are  shown  in  Fig.  6.  In  each  case  a  theo¬ 
retical  curve  was  obtained  from  Eq.  (4).  The  current  and 
voltage  at  maximum  power  from  experimental  measurements 
were  used  to  determine  the  internal  resistance  and  the  fraction 
of  the  catalyst  area  being  used  effectively.  Then  these  para¬ 
meters  were  used  to  predict  all  the  other  points  in  the  meas¬ 
ured  power-current  curves.  (Note  that  the  ‘maximum  power 
method’  was  used  successfully  in  describing  the  experimental 
results  at  45  °C  and  6.0  N.  The  good  agreement  between  the 
predicted  and  experimental  values  indicates  the  validity  of 
the  measured  electrokinetic  parameters. 

Also  an  expression  of  the  fraction  of  the  catalyst  used 
effectively  obtained  from  the  ‘approximate  maximum  power 
method’  that  does  not  require  the  current  and  voltage  at  max¬ 
imum  power  condition  has  been  reported  [14] 


fV0  8vt  8c  8a 


<TqIq~~  V„ 
20VV<>» 


O'  o^o  ~  Vo 

2cr0A,i0c 


*fa=exp 


8*  +  £c 


(9) 

The  predicted  values  of  the  effective  catalyst  fraction  were 
estimated  using  Eq.  (9)  for  cells  nos.  1 , 2,  3  and  4,  respec¬ 
tively.  The  approximate  current  used  was  90%  of  the  maxi¬ 
mum  current.  To  obtain  the  slope  and  approximate  voltage  a 
logarithmic  based  curve  was  fit  to  the  measured  data  points. 
The  predicted  values  are  summarized  in  Table  4.  (Notice  the 
close  agreement  between  the  predicted  values  from  the 
‘approximate  maximum  power  method  and  those  estimated 
from  the  ‘maximum  power  method’  for  cells  nos.  1, 2  and  3, 
respectively.  For  fuel  cell  no.  2  the  fraction  predicted  using 
the  approximate  method  was  twice  that  from  the  maximum 
power  method.  The  reason  for  this  discrepancy  is  that  the 
prediction  of  the  catalyst  fraction  from  the  ‘approximate  max¬ 
imum  power  method’  is  very  sensitive  to  the  measured  slope 
at  the  approximate  current  value  used  in  Eq.  (9) .  (Notice  the 
exponential  dependence  of  the  effective  catalyst  fraction  with 
respect  to  the  measured  appproximate  slope.)  Since  we  did 
not  have  sufficient  measured  points  in  t  he  region  of  the  con¬ 
sidered  approximate  current  the  slope  was  estimated  from 
a  best  curve  fit,  logarithmic  based,  to  the  experimental 
measurements. 


4.  Conclusions 

The  rotating  disk  measurements  for  the  platinum-potas¬ 
sium  hydroxide  interface  indicated  that,  in  general,  the 


96 


J.A.  Garcia  et  al.  /  Journal  of  Power  Sources  66(1 997)  89-96 


exchange  current  density  decreases  for  higher  concentrations 
of  potassium  hydroxide  and  increases  for  higher  tempera¬ 
tures.  However,  the  Tafel  slope  shows  little  change  over  a 
wide  range  of  KOH  concentrations  and  different  temperatures 
except  at  both  high  concentration  and  temperature. 

The  effect  of  increasing  the  temperature  from  26  to  62  °C 
was  greater  in  the  nickel  coated  electrodes  working  as  anodes 
than  in  the  those  working  as  cathodes.  The  major  polarization 
problem  in  these  electrodes  below  a  current  density  of  100 
mA/cm2  was  at  the  cathode.  The  polarization  for  current 
densities  around  500  mA/cm2  was  larger  at  the  anode.  Nickel 
coating  the  carbon  electrodes  helped  to  reduce  their  ohmic 
resistance  which  is  a  very  important  contribution  to  the  total 
internal  resistance  of  the  fuel  cell.  By  depositing  the  amount 
of  nickel  of  10,  18  and  25  mg /cm2  the  internal  resistance  of 
the  single  fuel  cells  was  reduced  7.7,  10.1  and  12.3  times, 
respectively,  when  compared  with  the  fuel  cell  with  uncoated 
electrodes. 

Predictions  from  both  mathematical  methods,  ‘maximum 
power'  and  ‘approximate  maximum  power  method',  were  in 
reasonable  agreement  with  measurements  of  performance 
and  internal  resistance  of  alkaline  fuel  cells  with  platinized- 
porous  carbon  electrodes.  These  methods  are  applicable  to 
fuel  cells  limited  by  activation  and  ohmic  polarization  only. 
The  good  agreement  between  the  experimental  and  predicted 
performance  of  the  single  fuel  cells  at  45  °C  and  6.0  N  indi¬ 
cates  the  validity  of  the  measured  electrokinetic  parameters. 
The  internal  resistances  determined  by  the  current  interrupt 
technique  and  those  determined  by  the  ‘maximum  power 
method'  were  within  the  maximum  of  12%  of  each  other  for 
the  single  fuel  cells  examined  in  this  study.  The  range  of 
catalyst  fraction  used  effectively  determined  by  the  proposed 
methods  was  from  5  to  16.4%  for  the  examined  fuel  cells,  an 
increase  of  the  electrocatalyst  utilization  by  a  factor  of  three. 


This  result  is  attributed  to  an  improved  release  of  charge  by 
the  deposited  nickel  layer. 

The  nickel  coated  electrodes  developed  in  this  work  may 
be  an  attractive  alternative  where  light  weight  and  low  inter¬ 
nal  resistance  is  required.  The  internal  resistance  was  identi¬ 
fied  as  an  important  design  parameter  and  these  results 
suggested  that  the  fuel  cell  performance  can  be  improved  by 
modifying  its  design. 
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